The biodegradation of 2,4,6-trichlorophenol (246TCP) was studied using expanded granular sludge bed (EGSB) reactors and a fluidized bed biofilm reactor (FBBR) filled with activated carbon. One of the EGSB reactor and the FBBR were bioaugmented with Desulfitobacterium strains. 246TCP loading rate was gradually incremented from 10 to 250 mg L À1 day À1 . The main pathway of dechlorination was in ortho-position, generating 4-chlorophenol and 2,4-dichlorophenol. The maintenance of both COD degradation efficiency (higher than 80%) and methanogenic efficiency (between 0.3 and 0.6 g CH 4 -COD g À1 COD consumed) in EGSB reactor implies a great stability of the process. Through isotherm studies in FBBR, it could be deduced that around 52% of 246TCP was completely dechlorinated, whereas the adsorption involved around 16%. By means of FISH studies it was proved that the methanogenic Archaea community was maintained in the bioaugmented EGSB reactor, whereas in the FBBR this community was gradually developed until reaching stability. Desulfitobacterium community was also maintained in the reactors, although D. chlororespirans proportion rise in the FBBR at the higher 246TCP loading rates, implying that this species can withstand the 246TCP toxicity better than D. hafniense.
INTRODUCTION 2,4,6-Trichlorophenol (246TCP) is used to preserve wood, leather, and textile goods. Furthermore, 246TCP is a precursor employed in the synthesis of 2,3,4,6-tetrachlorophenol and pentachlorophenol (PCP) (Chang et al. ) . Along with other chlorinated organics, 246TCP can also be generated during ECF-type paper pulp bleaching, which is now the most common bleaching process (Savant et al. ) . Anaerobic biodegradation of 246TCP has been proved to be succeeded by mainly ortho reductive dechlorination (Chang et al. ) , consecutively generating 2,4-dichlorophenol (24DCP) þ 2,6-dichlorophenol (26DCP), 4-chlorophenol (4CP) þ 2-chlorophenol (2CP) (Kennes et al. ) .
Bioaugmentation is a strategy used for improving chlorophenols biodegradation in anaerobic conditions (Christiansen & Ahring ; Tartakovsky et al. ) , leading to the obtaining of relatively high efficiencies from the beginning of the process, significantly reducing the acclimation period and allowing relatively high chlorophenol concentrations to be treated (Tartakovsky et al. ) . The Desulfitobacterium genus is the most studied halorespiring taxon (Villemur et al. ) , being able to dechlorinate ortho, meta and para positions in the phenolic ring (Bouchard et al. ) . Some strains of this genus have been used for bioaugmenting upflow anaerobic sludge blanket (UASB) reactors treating chlorophenols (Tartakovsky et al. ; Lanthier et al. ) , proving their great ability for adapting to new environments and the improvement in process efficiency that their inoculation brings.
UASB-type reactors have been the anaerobic technologies most used for treating chlorophenols (Gardin et For this reason, a comparative approach to these two highefficiency anaerobic reactors could be useful for choosing an adequate option for decontaminating wastewaters containing chlorophenols.
In this paper, the results of a study focused on the anaerobic treatment of 246TCP using EGSB and FBBR reactors are presented. The effect of the bioaugmentation with three strains belonging to the Desulfitobacterium genus was studied. Furthermore, the efficiencies of the reactors are compared in terms of 246TCP primary biodegradation, dechlorination, COD consumption and methane production. An ecological study about the evolution of Desulfitobacterium and the methanogenic archaea are also provided.
MATERIALS AND METHODS

Reactor configuration
The experiments were performed at 30 ± 1 W C in three 5.4 L continuously fed reactors. Details of the EGSB reactors are given elsewhere (Puyol et al. a) . The FBBR was filled with 1 kg of 1 mm diameter granular active carbon (Merck, Germany). An external recirculation was applied with peristaltic pumps for fluidizing the carbon bed, giving a superficial velocity of 10 m h À1 .
Source of biomass
Desulfitobacterium hafniense PCP-1 (DSMZ 12420), D. hafniense TCP-A (DSMZ 13557) and D. chlororespirans (DSMZ 11544) were grown under anaerobic conditions at 37 W C in the DSMZ-663 medium. The EGSB reactors were inoculated with 100 g of volatile suspended solids (VSS) of a 1:1 mixture of two different anaerobic granular sludges. The first one was retrieved from a lab-scale UASB reactor, where it was acclimated to treat 24DCP for 240 days (Puyol et al. a) . These granules presented an average diameter of 1 mm and a specific methanogenic activity (SMA) of 0.73 g COD g À1 VSS day À1 . The second one was obtained from a full-scale UASB reactor treating recycled paper factory wastewaters (Eerbeek, The Netherlands). The granules had a diameter of 1.5-2 mm and the SMA was 0.46 g COD g À1 VSS day À1 . Both bioaugmented EGSB and FBBR reactors were inoculated with 1 L of a proportional mixture of the three Desulfitobacterium strains (growth to 0.17, 0.74 and 0.27 OD, respectively). The other EGSB reactor was maintained as a control.
Wastewater preparation
246TCP (Sigma-Aldrich) was dissolved in NaOH 0.1 M. The macronutrients and micronutrients media were prepared according to previous work (Sanz et al. ) . The basal medium was supplied with a 3:2:0.1 in COD mixture of sucrose, ethanol and yeast extract as the main carbon source following the recommendations of a previous work (Puyol et al. b) and with 246TCP solution. Sodium bicarbonate was added at 1 g NaHCO 3 g À1 COD to provide alkalinity and maintain the pH between 7.0 and 7.5. The synthetic wastewater was stripped with an 80:20 mixture of N 2 :CO 2 to remove the dissolved oxygen. The samples were taken from the top of both reactors, filtered and stored at À20 W C before analyses.
SMA tests
Previous SMA tests were performed with the sludge to be used in the EGSB reactor, using the James et al. () procedure. The SMA values were estimated using the Roediger equation (Edeline ) .
Continuous experiments
EGSB reactors were operated for 54 days until steady state.
After that, one of the EGSB reactors and the FBBR were bioaugmented with the Desulfitobacterium strains. For this purpose, the reactors were operating for 12 days in batch mode. During this period, nutrients and 10 mg 246TCP L À1 were supplemented daily with the aim of acclimating the biomass to the toxic compound. When the bioaugmentation period was over, the reactors were operated in continuous mode for 221 and 245 (only FBBR) days with an HRT of 24 h. The 246TCP loading rate was gradually incremented during this period up to 250 mg L À1 day À1 . The operating conditions of the reactors are summarized in Table 1 .
Analytical procedures
Analyses of total and soluble COD and VSS were performed according to the APHA/AWWA/WEF Standard Methods (). The concentration of 246TCP and the reaction products were quantified by HPLC coupled with a photo diode array detector (Prostar, Varian). Details of this method are given elsewhere (Puyol et al. b) . The values of dechlorination efficiency (defined as complete dechlorination of 246TCP to phenol) were calculated as follows: 100 À X%, being X% the resulting percentage of the sum of the molar concentrations of all the chlorophenols in the effluents with respect to the 246TCP molar concentration in the influents.
Isotherm setup
Two sources of activated carbon were used in this study: the first one was the same carbon used to initially charge the FBBR and the second one was retrieved, fixed and washed from the FBBR at the end of the continuous assay in order to study the significance of the biofilm layer formed around the granular carbon on the adsorption phenomena. The isotherm studies were run at between 10 and 500 mg 246TCP L À1 . Hermetically closed bottles were tumbled on a rotary shaker for 30 days to establish equilibrium. Then, the isotherm setup and the predicted breakthrough curve were calculated according to a previous study (Koran et al. ) . The predicted breakthrough curves were compared to the observed breakthrough curve for 246TCP to analyze the fate of this compound within the FBBR system. 
RESULTS AND DISCUSSION
EGSB reactor performance
The performance of the bioaugmented EGSB reactor is represented in Figure 1 . At the beginning of the experiment both ortho-(24DCP and 4CP) and para-(26DCP and 2CP) metabolites were detected, but the ortho-metabolites were gradually prevailing, being the concentration of the parametabolites as residual. The transformation of 246TCP to 4CP was higher than 95% during the whole study. It is important to note that phenol appeared in the effluents from the 150th day onwards, coinciding with an increment of the dechlorination efficiency and with a drop of the 4CP effluent concentration. This fact indicates that microorganisms were progressively adapting to 4CP dechlorination. Figure 1(b) shows the relationship between the methanogenic and the COD efficiencies with the 246TCP loading rate applied. The methanogenic efficiency was maintained at values between 0.3 and 0.6 g COD-CH 4 g À1 COD, probably due to the gradual increase of the 246TCP loading rate, allowing the acclimatization of the methanogenic Archaea (Tartakovsky et al. ). Nevertheless, a fall in this efficiency up to around 0.1 g COD-CH 4 g À1 COD was registered and related to inhibition phenomena for 246TCP loading rates higher than 200 mg L À1 day À1 . In addition, the COD degradation efficiency linearly fell with increasing 246TCP loading rates, resulting in a net drop of around 20% compared with the initial efficiencies. The performance of bioaugmented EGSB reactors are shown in Figure 2 . The average COD removal efficiency was very close in both reactors during the whole experiment (Figure 2(a) ). However, methanogenic efficiency was significantly higher in the bioaugmented EGSB reactor (Figure 2(b) ).
FBBR performance
The performance of the FBBR is presented in Figure 3 . Initially, the concentration of chlorophenolic compounds in the effluents was negligible. From the 60th day onwards these concentrations began to rise considerably. As in the EGSB reactor, the ortho-dechlorination products (24DCP and 4CP) were the main intermediates in the dechlorination of 246TCP. The para-dechlorination products (26DCP and 2CP) were produced to a lesser degree, proving that the predominant pathway was the ortho-dechlorination. Phenol appeared in the effluents on day 210 and its concentration increased during the rest of the experiment, meaning that para-dechlorination of 4CP succeeded. COD efficiency sharply increased during the first two months, probably coinciding with the development of a mature biofilm. Once that happened, efficiency was maintained at values around 80% despite the increase in 246TCP loading rate (Figure 3(b) ), showing the high stability of the process. This stability could be due to the adsorption of 246TCP in the surface of the activated carbon, thus acting as a protective barrier to microbial activity.
Isotherm study
In order to determine whether 246TCP was being degraded in the system, a granular activated carbon with and without biofilm single-solute adsorption isotherm study was performed and, from these data, predicted breakthrough curves were generated for 246TCP within the FBBR. The Freundlich parameters K and n were 14.2 mg g À1 L À1/n mg 1/n and 2.4 for the carbon without biofilm, and 12.9 mg g À1 L À1/n mg 1/n and 3.1 for the carbon with biofilm (R 2 ¼ 0.93 and 0.97, respectively). The Freundlich isotherm has been previously used to describe the adsorption equilibrium of 246TCP on activated carbon and similar adsorbent materials, obtaining values of Freundlich parameters similar to those presented in this paper (Hameed ; Hameed et al. ; Tan et al. ) . The fate of 246TCP was modeled differently taking into account the biofilm layer. Thus, the estimated depletion times for the adsorption were 125 and 202 days in the models with and without biofilm, respectively. In addition, in the non-biofilm model the breakthrough curve was close to the experimental data up to around day 150, whereas with the biofilm model the difference was substantial much sooner (around the 75th day). From that time onwards, the values observed were lower than predicted, suggesting that chlorophenols remotion is succeeding by some mechanisms other than adsorption alone, such as biological degradation. The overall mass balance for the dechlorination process taking into account adsorption phenomena is presented in Table 2 . The difference between the adsorption model and the experimental clearance data suggests a high dechlorination activity, regardless of the model used, although this activity is higher when taking into account the adsorption on active carbon with biofilm.
Microbial structure determined by FISH
The presence and evolution of Desulfitobacterium strains and Archaea was quantitatively analyzed by FISH. The samples were taken on days 0, 30, 62 and 248 of the continuous experiment. In the bioaugmented EGSB reactor, the proportion of Archaea, based on the total DAPI-stained cells, increased slightly from 22 ± 6% at the beginning of the process to 32 ± 11% on day 248. Initially, after 12 days of bioaugmentation, the proportion of Archaea present in the activated carbon was 13 ± 6%, indicating that the methanogenic community was developed spontaneously due to external contamination during this period caused by nonsterile conditions in FBBR. This community grew steadily, reaching 20 ± 15% at the end of the experiment.
In the control EGSB, the genus Desulfitobacterium was already present in the inoculum. All the bacteria of this genus belong to D. hafniense. Its number remained almost constant around 34 ± 7%. In the bioaugmented EGSB reactor, the bioaugmentation with Desulfitobacterium strains led to an increase in the amount of this genus to reach 44 ± 10% of total bacteria stained with DAPI at the beginning of the process. During the first 60 days, this amount decreased substantially due to two main causes: (1) First, when working with relatively low 246TCP loading rates stimulated growth of other bacteria. (2) Moreover, the high upward flow rate caused part of the Desulfitobacterium mass to be lost by drag. Nevertheless, when steady state was reached, the proportion of Desulfitobacterium increased again to levels similar to the initial ones. There have been cases of development of the Desulfitobacterium genus in anaerobic reactors (Breitenstein et al. ; Yang et al. ) and in natural environments contaminated with chlorophenols (Lanthier et al. ) , which suggests that this genus is able to compete and dominate in such environments. In the FBBR, this genus colonized the particles of carbon during the bioaugmentation phase to achieve a proportion of 45 ± 10% of the total DAPI-stained cells. Statistically significant differences between the counts of Desulfitobacterium (Dsf326) and the species D. hafniense (Dsf576) were found in the bioaugmented EGSB reactor and FBBR, which allows us to assert that, although D. hafniense was the predominant species, other Desulfitobacterium species were also developed. It is assumed that most of these microorganisms belong to the other Desulfitobacterium spp. with which the reactors were bioaugmented, D. chlororespirans, because in the control EGSB all the Desulfitobacterium microorganisms belong to D. hafniense. In the bioaugmented EGSB reactor, the initial percentage of D. chlororespirans was much lower than the theoretical 33% of the Desulfitobacterium genus because D. hafniense was already present in the inoculum. In contrast, the initial percentage of D. chlororespirans in the FBBR was around 42% of the Desulfitobacterium genus, which means that during the bioaugmentation period this species was established in the activated carbon faster than D. hafniense strains. This fact is explained by the higher growth rate of D. chlororespirans (Sanford et al. ; Breitenstein et al. ) . During the first 60 days of the experiment, the quantity of D. chlororespirans dropped dramatically, whereas the quantity of D. hafniense remained almost constant. At the end of the experiment, however, the percentage of D. chlororespirans increased to 32% of the Desulfitobacterium genus, coinciding with the higher 246TCP loading rates applied. Therefore, it is suggested that this species supports higher 246TCP concentrations than D. hafniense.
CONCLUSIONS
246TCP can be successfully removed in EGSB and FBBR reactors bioaugmented with Desulfitobacterium strains up to 250 mg 246TCP L À1 day À1 , being the ortho-pathway predominant. Phenol appearance at the end of the assay suggests that microorganisms can adapt to para-dechlorination of 4-CP. The methanogenic efficiency in the bioaugmented EGSB reactor was maintained along the process despite the increment of the 246TCP loading rate, reaching values slightly higher than those of the control EGSB. This was traduced in the maintenance of the methanogenic Archaea community. In the FBBR, this community was progressively developing to reach stability. The Desulfitobacterium community was maintained almost constant in the EGSB reactors, and this genus was already present in the initial inoculum. In the FBBR, the Desulfitobacterium community decreased in the first two months. This drop is linked with the decrease in the D. chlororespirans quantity. The rise in this quantity when the higher 246TCP loading rate was applied implies that this species can withstand higher 246TCP concentrations than D. hafniense.
